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AN OPEN CYCLE LIFE SUPPORT SYSTEM FOR MANNED
INTERPLANETARY SPACKEFLIGHT
by J. Reece Roth
Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohic
ABSTRACT l’“l b4

This paper proposes & solution to the problem of supporting human
life during mernned interplunetary space missions, in which the life sup-
vort system is integrated with the propulsion system. It is proposed
that the propellan* of the propulsion system be stored in the form of
food, and utilized by the thrustor in the form of metabolic wastes from
the crew., It is shown that this life support system is compatible with
anticipated manned interplanetary missions end payloads, if suiteable
electric propulsion systems are used. #ka;AA%)

INTRODUCTION

One can acquire a feeling for the dimensions of the life-support
problem by examining table I, which compares estimates of the basic humen
metabolic waste production given by Ingram, et al.,l Ingram,2 Mason and
Burriss,.5 and Popma.4 The basic metabolic waste production lies in the
range of from 3.5 to 6.0 kilograms pér men-day. A reasonablz estimate
for preliminary mission analysis is 4 kilograms per man-day. Table II
contains an estimate by Ingram, et al.l or the water requirement for pur-
poses other than metabolism. ﬁecent findings from the~62-day confinement
of a four man crewvw in a space simulator indicate that at least 4.5 kilo-
grea..s ner man-day of water is desirable for sanitary and hygienic pur-

posess’s. Throughout the rest of this papef, a generous estimate of
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15 kilograms per man-Cay will be assumed for the total metabolic and
saritation waste output. On a 500-day round trip to Mars, for example,
a- much as 7500 kilograms of food, water, and oxygen must be provided
per crew member, 2000 kilograms of whick is for metabolic needs alone.
Cleerly, the jettisoning of this much mass incurs a severe mass penalty,
and should be avoided if at all possiblie.

A life-support system thet has received recent attention is a2 par-
tially closed ecolecgical cycle, in which the water and/or oxygen are re-
cycled in closed loops, but the solid recidues are jettisoned as they are

produced.5’4’7’8 A schematic diagram of this system is shown in Figure 1.

Typically, the water used for metabolic and sanitation purposes is puri- : .

fied and reused, vhile oxygen is extracted from the metabolic COp. As
one mey see from table I, the solid residues are a small fraction of the
total daily requirement, and can be Jjettisoned without a severe mass
penalty. The prcblems associated with this life support system have been
overcome,5 at least for periods up to 62 days. Although this system is
aveilsble for use if required, it wculd be desirable to have as large as
possible an amount of wster available for daily use, and to eliminate the
relatively elaborate and heavy processing equipment which this life sup-
port system requires.
A PROPOSED" LIFE-SUFPORT SYSTEM

_ Whet characteristice should an ideal life~-support system have? (b~

riously the situation eboard the spacecraft should duplicate terrestrial

conditions as closely as possible. The life-support system should pro-

vide the spacecraft crew with enough fresh air, fresh water, and good

food to satisfy their physiological and psychological needs,rénd at the -

[EFEVeTH




i T w A b GRE wrud R P B

o .

o A I A o e Lt

TeiE A

[€]

same vime dispose of wastes in a way that is not repulsive to an average
individual. Such a system can be most ecasily realized by an open cycle
rather thea a closed cycle.

The ideal life-suppert system can be closely approximated by an
open cycle in which the metabolic and/or sanitation wastes are used as
the propellant of the thrustor. This concept was first puvlished in
qualitative form by Meyerand.9 A schematic diagram of such an open cycle
system is shown in Figure 2. In the simpiest form of this concept, the
propellent, in the forwm of food, weter, and oxygen, passes through the
crew where it is converted into €05, Hy0, and solid wastes. The CO, and
water could then be used as propellant by the thrustor, which might be
an electron-bombardment icn engine, an oscillating-electron ion engine,
an MHD accelerator, an arc jei, or some other suitable device. The solid
}esidues, which amount to 0.14 to 0.27 kilograms per men-dey, are small -

enough to be jettisoned. If the mission restricted the flow rate of pro-

rellant, some or all of the water used for sanitary purposes might be re-

cycled. Since the metabolic and sanitary waste production is constant in

time, and since the mass flow vate of an optimum interplanetary mission
is not constant, it ma; be necessary to have some means of waste s'orage
in order to supply the thrustor with the mass flow required by the mission.
MISSION ANALYSIS OF THE OPEN CYCLE LIfE-SUPPORT SYSTEM
To demonstrate the feasibility of the concept described abceve, one
mist show that the average propeliant mass flowwraferréqdifed by manned
interplanetery missions is at least as 1arge/as the daily human metabolic

waste production.--In reference 10 it is shown that the ratio of propellant

‘ ﬁ;és M? to payload mess Mk for an orkit-to-orbit space veh;cle moving
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in a central .ravitational field, with constant thrustor efficiency 7
and & constant specific mass of o« kilograms per kilowatt is given by

D_EE B TZ(K + 1)2 (1)

My k- yB(k+1)

where vy 1is the mission dif iculty parameter defincd by

7% .

a.u/ al at
c

The nlegrend is the square of the local acceleration of the vehicle
and is integrated over the mission time, Tb‘ Values of this integrsl are

11

given by Moeckel ™ and Melbournel® for many interplanetary missions of

interest. The quentity K is defined by

K = o7 (3)

thaet is, the ratio of the vehicle mass to the payload mass. If this ratio
is optimized in such a way as to minimize the total mass placed into orbit,

one finds from MelbournelC that

«OPt - - 1 (4)

If equation (4) is substituted into equation (1), then

»ﬁi _a-7? | (5)

P v ~ —
If there are n crew members, Mx/n kilogrems of payload per crew member, y

end & mission duration of T, days, then the resulting average flow rate

of propellant per crew member k 1is

k = gﬁ_ - <g?><§§> Kilogram§ per men-dey (6)

The average propellant flow rate k should at least be egual to the




metabolic daily requirement in c.der that the propellant be usable for
life-support purposes.,
APPLICATION TO A MARS MISSION

For the sske oi a specific example, consider the applicability of
this concept to the heliocentric phase of & round-trip Mars mission, in
which the wnission time T, includes 50 days for descent into Martien
orbilt, wailting, and reascent to the heliocentric phase. The heliocentric
phese has been chosen for enalysis partly as a uatter of ccavenlence, be-
cauge the acceleration integrels are readily aveilable, end pertly because
the heliocentric phase of the trip involves the lowest propellent mess
flows. If this life-support system cen be shown to work for the helio-
centric phase of interplanetery menned missions, then 1t will certeinly

work in the planetocentric phase in which the mass flows are larger. It

is assumed throughout that the thrustor efficiency is constant at n = 0.90,
and the mission is examined for two values of the specific mass, o = 5 and

10 kilograms per kilowatt. These values were siubstituted into equation (2)

along with the values of the mission integral given in Moeckel.ll A graph

of the mission difficulty parameter y &against the mission time Tb Ain

days is shown in Figure 3 for the two specific'masses under consideration .

The ratio of Mf/Mi in equation (5) is plotted as a function of y in
Figure 4. For most interplanetary missions of interest, 0.2 <y < 0.6.
Below 7 = 0.2, thc mission times are too long; sbove 1 = 0.6, the ratio
of the total vehicle mass tc¢ the payload mass is too large to allow low
thrust systems to compete with chemical or nuclear systems.

Equation (6) is plotted in Figure 5 for specific masses of 5 and

10 kilograms per kilowatt and payloads of 5 and 10 metric tons per crew
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member. One can estimate the payloud mass pcr crewmemter by considering
that each crewmember, his spacesuit, and his personal effects will weigh
about 300 kilograms, and that the supplics necessary to support him during
the 50 days at the target planet assumed in the mission will weigh &bout

750 kilograms at 15 kilogrems per men-dey. 1f 1t tekes about 5 killograms
grem from orbit to the Martian surface
and back, the minimum peyloaed per crewmember for the interplanetary phase
ig at least 5 metric tons per crewmember. The payload per zrewmerber for
other planetary missions will be even larger, siroec the deeper gravita-
ticnal wells of other plenets will rejui.. more ypeopellant msse for the
round trip to and from their surface.
Figure 5(a) showe that for o - 5 kilogrems pexr kilowatt, t" . -verage

propellant flow rate will be above *. ‘otal aaily life-suppert rac - ‘re-~

ment for rouw.d-~trip missions of less tiwr €00 days., For missiors -th

a = 10 kilograms per kilowett, Figure o'+ shows that the reqo - pro-
pellent flow rate is greater than the total d: i+ Vife-wup: . .e2quire-
ment for round-trip missions of less than 750 days. ALl .o.jous studies

of manned expeditions to Mars have shown that it is very urlikely that
the values of mission duration and paylcads per crewmember will be such
as to decrease the average flow rate below the total deily metabolic
requirement.

The sbove anaiysis is conservative in that it not only provides a
generous estimate of the mass required for life suppert, but also ignores
the propellant required in the planetocentric portions of the missionm.

This propellant mass will, in general, be far greater than the life-support

requirements, and any excess waste mass produced during the heliocentric

-

e et 4



portion of the trip could simply be stored until the planetocentrie por-
tions of the mission.
DEVELOPMENT OF SUITABLE THRUSTCRS
Frcu the point of view of mission analysis snd orf humen factors, it
seems that the open ecological cycle described previously hag meny ad-
vantages, and no lmportant dlsadvenlages. The only major obstacle to
this system of life support 1s the development of-& thrustc(r that will

operate ci such metabolic wastes as COp and Hpd. The prospects of meking

en efficient ion thrustor operating on human wastes may be evaluated by

considering an expression for thrustor efficiency as a function of spe-
cific impulse
nulg
g = 5 (7)
A + IS

The efficiency n 1is the ratio of the energy of a particle moving
at the average velocity of the exhaust beam to the total energy =xpenacd
by the powerplent per particle; uM is the utilization efficiency of the
thrustor, and A _.s proporticnal to the fixcd losses due to dissociation
and ionization of the propellant. Equation (7) gives a moderately good .
fit to efficiency dats reported by Kaufmenl? for an electron " ombardment
ion engine using mercury as propellant. Equation (7) should be approxi-
mately true for all thrustors that depend upon ionization of the propellant.

Unless polyatomic propellents such as Hp0 and COp, have & value of A
far in excess of monatomic propellants, A will be negligible compsared to
the square of the specific impulses characteristic of interplaretary
missions. There is some evidence that the value of A for electron bou-

bardment jon engines is large for polyatomic prop~llants, and for pro-
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pellenis of low atomic weight.l3 Such tThrustors may not be suitgble for
ucz in the open cycle concept, at least in their present Form.

Ton tarustors have received muich engineering atiention and have been
developed to the point where their efficiency is nearly 90 percent far a
specific impulse characteristic of ihterplanetary missions.lé’ls Not
caough experimental date ave available at present to write down an ex-

pression equivalent to equation (7) for plesme thrustors end arc jets.

RYTS

In spite of a much less intensive developmental progrem, low pressure

T

arc jets have recently operated on polyatomic propellants at sn effi-
ciency of 47 percent and at high specific impulses that are suitable for
interplanetary missions.1® High pressure, low specific imrmlse arc Jjets
have operated on polystom’c propellants at efficiencies up “o 55 percent,l7

It might prove impossible to develop plasme thrustors or low pvessure

- arc Jets which are more efficient than existing ion engines. If the less

LT St S s AR T T 4 A Rmelront B Y
]

efficient thrustors are capable of operating on metsbolic wastes, their
lower efficiency is tolerable, provided that the additional powerplsnt ..
mase: required is not greater thén the life support mass saved. For a

typical 500-day Mars mission, the vehicle would develcp about 8000 kilo-

watts of electrical power. Use of the open cycle concept instead of one

of the closed cycle systems would result in a saving of about four metric

tons 6f reserves and processing squipment, which could be used to gener- [
| ate about 500 kilowatts of power if this mass were applied to the powerplant.

An effiéiency reduction of 6 percent below that of ion engines would there-

fore be tolerable ia a tﬁfustor using metabglic wastes, If metabolic

wastes of 4 kilograms/man-day were jetiisoned by an eight-mar crew for

500 days,‘é total of 16 metriec tous would be jettisoned, which could be
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appiied tc the powerplar*. Under these coniitions, s decrease in thrustor
efficiency of 28 percent below that of ion engines would be tolerable,

The brief mission analyses sbove gre intended to be illustrative only.
Lract comparisons between the two life support systems for a real missicn
would recuire = much more extensive study of the many factors involved.

endF

A4 4
4% present; 1t L

cycle system, subject tc the assunption that a propulsion system will be-
come availeble which can. efficiently accelerate =50 and COZ.

Existing arc jets and plasma thrustors ere probably not effi-
clent enough tc permit the open cycle concept to demonstra£e a mase save
ing over the closed ecological cycle, used in conjunction with existing
ion engines. prever, arc jets and rlasms thrustors have been subject
to-a much less intensive developmental program than the more efficient
ion thrustors, A systematic attempt to develop efficient thrustorslthat
use metabolic wasces ﬁay4make possible an open-cycle solution to the life
support problem.

CONCIUSIONS

The life-suppor’ system descrivped in this report can brovide a spacé-
craft with food, water, and oxygen of a quantity and quality no different
thag that to which one is accustomed in daily affairs. ™he crew could en-
Jjoy wines, steaks, frozen vegetables,rpastries, and desserts rather than
the less desirable diets associated with the closed cycle cconcept. Not
onlylcould the crew be fed in a normal mauner, but they could have an
adequate supply of water for sanitery and hygicnic purposgs. The open
cyele Lif:c--apport system described above, instead’of éﬁntributing to thg
problem of manned space flight, should be a positive a;g to maintaining

crew moreale.
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The lite-support system described herein can reduce or eliminate the
mass requiraed by other 1life-suppert systems, since the propellant must be
taien along wh2ther or not there is a crew aboard. If electric propulsion
is .sed, this system is feasible for 21l forseesble iuterplanetary missions,
provided only thet suitable inrustors can be developed waich will eiTi-
ciently use humein metabolic wastes, primarily COZ and HZO, ag propellants.
This engineering problem would replace the physiological aad psychological
problems associated with closed cycle systems.

The proposed open cycle concept a2lso has the advantages of increassd
mission flexibility and enhunced crew safety, since any.reserve of propel-
lant could be used for navigeiional corrections, for extra radiation shield-
ing, for caicra food, or for all of these.

In the planning of future space missions, if other factors leave no
clear chcice hetween propulsinon systems, the considerations given above
tend to favor electrical propulsion systems, on grounds where chemical and
nuclear propulsion systems caunot readily compete.
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' TABLE I. - DAILY HUMAN METABOLIC WASTE PRODUCTION

Reference
1 and 2 3 4
Liquid wastes, Solid westes, | Average met<tol.c westes,
kg/man-day kg/man-day kg/men-day
Minimum § Meximum | Minimum | Maximun
002 ’ 1.0 1.0 | emecce | w-=-- 1.G3 1.03
Perspir- .80 3.48 | ===-= | ===m- 1.C to 3.5 1.0C
ation and '
respira-
tion
Urine 1.2 1.5 0.060 | 0©.075 1.52 1.39
Feces . .053 .08 . 017 . 020 .182 114
[ Total 3.13 to 6,155 3.732 to 6.232 3.534
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TABLE II. - DAILY WATER REQUIREMENT FOR

SANITATICN PURPOSES /RZF. 1)

Liquid westes, Solid wastes,
kg /men-dey kg/man-day

Minimum | Meximum | Minimum | Maximum
Foo& preparation 1.0 4.0 0. Ci0 0.C40
Personai nygiene 1.5 4.5 . 015 . 045
Clothes washing Z.0 4.0 . 030 . 040
Cabin cleansing 1.0 5.0 . 010 . 080
Subtotal 6.5 17.5 . 065 .175

S i T T TN SR TN

Total 6,565 to 17.675
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Figure 3, - Graph of mission difficulty parameter y as a function of
mission duration, Heliocentric portion of round trip to Mars; spe-
cific mass of vehicle, 5 and 10 kilograms per kilowatt; efficiency,

0.90; values of acceleration integral_ b a2t taken from refer-
ence 1L
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Figure 4, - Ratio of propellant to payloac¢ mass as a function of mission difficulty parameter,
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Figure 5, - Propellant flow ratw as a function of trip time for payloads
of 5 and 10 metric tons per crewicember,
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Propellant flow rate, k, kgl man-¢
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Figure 5. - Concluded. Propellant flow rate as a function of trip time
for payloads of 5 and 10 metric tons per crewmember,
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